Introduction {#s1}
============

^1^H nuclear magnetic resonance (NMR) spectroscopy has gained recognition as a key analytical technique for metabolic profiling of complex bio-systems (Dunn and Ellis, [@B10]). The non-destructive nature, simplicity of sample preparation and data acquisition provide advantages over other methods including mass spectrometry (MS) for high-precision investigation of metabolites in living specimens. Moreover, the observed signal intensities in a typical ^1^H NMR spectrum provide a *direct* comparison of the metabolite contents in the samples without the need to construct calibration curves for every analyte, which is often the case for other analytical techniques. For these reasons, ^1^H NMR spectroscopy is widely used in the study of metabolomes, offering a robust tool for rich-metabolic profiling (Reo, [@B21]). Many samples of interest are highly complex bio-mixtures (e.g., biopsies, whole living cells and organisms) and the heterogeneity in the magnetic susceptibility over the sample volume results in broadening of the observed NMR resonances; significantly reducing the ability to identify and quantify the metabolic content using traditional high-resolution NMR techniques. For such samples the application of ^1^H-detected high-resolution magic-angle spinning (HR-MAS) NMR, has now emerged as a powerful analytical tool for the investigation of heterogenous samples such as intact biopsies (Lindon et al., [@B17]; Sitter et al., [@B25]; Beckonert et al., [@B4]) and whole living organisms (Blaise et al., [@B5]; Righi et al., [@B22]). The rapid spinning of the sample (ca. 2--6 kHz) about an axis at an angle of 54.74° (i.e., the magic-angle) with respect to the static magnetic field *B*~0~ overcomes the broadening and yields well-resolved signals. ^1^H HR-MAS NMR is considered a near universal technique for providing unbiased and high-precision fingerprints of abundant metabolites in heterogenous biosamples. Despite its utility, there are only a handful of studies on whole cells, mainly with robust eukaryotic cells such as marine unicellular microalgae cells (Chauton et al., [@B6],[@B7]) and bacterial cells (Himmelreich et al., [@B13]; Gudlavalleti et al., [@B11]; Palomino-Schätzlein et al., [@B20]; Righi et al., [@B23]), whose cell membranes provide additional protection and structural support significantly enhancing cell survival rates during the measurement. In a review by Li ([@B16]), he has summarized a progress for *in vivo* studies of intact bacterial cell using multidimensional NMR experiments with HR-MAS. This paucity of examples for HR-MAS studies of whole cells, compared to tissues, is due in large part to the potential for cell lysis as a result of the large centrifugal forces that the cells are subject to under the rapid sample spinning. This is especially problematic for fragile animal and human cells, and can result in distortion of the intracellular metabolic composition. Thus, high-resolution NMR of cell extracts has been the preferred method for cell studies. However in this case, the cells must be subject to complicated chemical treatment protocols to extract specific metabolites; hydrophilic metabolites in aqueous extracts and lipophilic in organic extracts, and require larger sample quantities for the multiple NMR samples and experiments to obtain a rich profile of the metabolic response. Unlike with the analysis of extracts, it is unnecessary to chemically divide the hydrophilic and hydrophobic metabolites for HR-MAS, offering a direct analytical approach. Palomino-Schätzlein et al. have optimized a HR-MAS protocol for the study of whole cells using abundant *Saccharomyces cervisiae* cells and reported similar metabolic profiles to those obtained with high-resolution NMR of cell extracts (Palomino-Schätzlein et al., [@B20]).

NMR is an inherently insensitive technique, thus HR-MAS analysis often relies on large sample volumes for detection; typically about 100 million whole cells in a 30--50 μl volume for each of 3--5 replicate samples (for statistical analyses). In cases where sample size is limited (such as neuron cells), analysis of fewer cells---in a smaller volume---would ease the sample preparation and may improve the high-throughput efficiency (e.g., coupling with micro-fluidic devices for cell separation techniques). One promising approach for volume-, or mass-, limited bio-specimens is the uses of a high-resolution magic-angle coil spinning (HR-MACS) (Wong et al., [@B28], [@B29]). HR-MACS, as with the original MACS experiment (Sakellariou et al., [@B24]), utilizes a secondary tuned circuit and a simple and robust rotor insert, designed to fit inside a standard MAS sample rotor to convert the MAS probe into a μMAS probe without any probe modification. HR-MACS can be readily coupled with any standard HR-MAS probe making it assessable to any laboratory with HR-MAS facilities. The use of a filling-factor optimized detector, susceptibility-optimized inserts and simultaneous spinning of the sample and detector have been demonstrated to yield high sensitivity and excellent spectral resolution (up to 2 ppb) allowing for high-precision metabolomic assessments of a sample volume less than 500 nl (Wong et al., [@B29]). Moreover, the reduced diameter of the sample also abates the centrifugal forces exerted on the cells under sample spinning diminishing the chances of cell lysis due to sample spinning.

The present study capitalizes on the new development of HR-MACS for high-sensitivity and high-resolution ^1^H μNMR-based metabolomics study of whole cells. We build upon the ^1^H HR-MAS study of whole *S. cervisiae* cells (Palomino-Schätzlein et al., [@B20]) to evaluate the utility of ^1^H HR-MACS for profiling the metabolic composition of a small number of *S. cervisiae* cells (ca. 19 million cells in a 250 nl volume). We have performed two independent studies, monitoring the metabolic responses in *S. cervisiae* wild-type cells under osmotic stress and cell growth. There are a total of four cell groups submitted to the two studies: 24, 48, and 72-h cell growth and a 24-h cell growth subjected to a 60-min period of osmotic stress.

Materials and methods {#s2}
=====================

Saccharomyces cervisiae
-----------------------

Wild-type (WT) cells were grown in a glucose-rich medium YPD (1% yeast extract, 2% peptone, 2% glucose) at 30°C on a shaker (180 rpm). Each sample was inoculated with the same initial culture and with an initial OD~600~ of 0.1 and grown for 24, 48, and 72 h. For the osmotic cell stress study, 0.5 M NaCl (final concentration) was added to the 24-h culture cells for 60 min. Prior to the NMR sample preparation, *ca*. 300 × 10^6^ cells were washed 3 times with ion-free distilled water. The cell pellet was re-suspended in 4 μl of D~2~O for an immediate NMR acquisition. The use of high cell concentration was utilized to ensure significant numbers of cells were being transferred to the microsize capillary.

HR-MACS resonator
-----------------

A single sample-exchangeable HR-MACS resonator (Figure [1](#F1){ref-type="fig"}) was used in the study for data acquisition. The resonator was constructed by manually winding a 2 mm long (9-turn solenoid), using 30-μm o.d. round copper wire around a 840/600-μm (outer/inner diameter) quartz capillary. The solenoid was then fixed in place with a thin layer of cyanoacrylate glue. A non-magnetic 2.2 pF capacitor (American Technical Ceramics, US) was soldered to the coil leads and affixed to the end of the capillary with cyanoacrylate glue. The resonator had a resonance frequency of 508 MHz with an unloaded coil quality factor, *Q* = 26. The resonator was secured in a Kel-F insert which fits tightly inside a Bruker ZrO~2~ 4-mm rotor allowing for an easy sampling with a 550/400-μm quartz capillary.

![**A photo-illustration of the sample-exchange HR-MACS setup used in this study**.](fchem-02-00038-g0001){#F1}

Sample-preparation
------------------

The sample preparation for HR-MACS was performed under a stereomicroscope. The *S. cervisiae* cells (ca. 300 × 10^6^ cells in 4 μl of D~2~O) were pipetted into a 550/400-μm capillary sealed at one end (with epoxy) using a micropipette equipped with a 20 μl GELoader® tip (Eppendorf, US). Very gentle centrifugation was applied for 2--5 s to remove air bubbles and ensure the cells displaced into the solenoid region. Within the coil detection region there are ca. 19 × 10^6^ cells. The top of the sample capillary was then sealed with hot paraffin wax to prevent leakage during sample spinning, and inserted into the HR-MACS resonator already fitted inside the MAS rotor. The entire sample-preparation procedure was restricted to no more than 2 min to minimize the chances of sample tampering and degradation.

^1^H HR-MACS NMR spectroscopy
-----------------------------

^1^H NMR experiments were performed on a widebore 11.7 T magnet equipped with a Bruker Avance II Spectrometer operating at 499.13 MHz with a standard Bruker 4-mm HX CP-MAS probe (with a HR-MACS resonator placed inside the probe). The MAS frequency was set using the manual settings of a standard Bruker MAS spin controller to 300 ± 1 Hz. The *B*~0~ shimming was performed on a sucrose-D~2~O sample under slow MAS and re-checked every five samples. The 90°-pulse for HR-MACS was 5.3 μs at 2 W of applied radio-frequency amplitude. An 8-step 2D-PASS sequence was used (Antzutkin et al., [@B2]), as previously demonstrated with the addition of water-suppression (Wong et al., [@B27], [@B29]), to acquire high-resolution sideband- and water-free spectra for all samples. ^1^H PASS NMR spectra were acquired with 8 *t*~1~ increments with each consisting of 96 co-added scans for 20 k data points over a spectral width of 20 ppm. A 1 s recycle delay was used resulting in a 26-min experiment time. The experiments were performed under sample temperature regulation at 10°C. ^1^H chemical shifts were internally referenced to the alanine---CH~3~---doublet at δ = 1.47 ppm. For each group, ^1^H NMR spectra of five replicate samples were recorded to ensure reproducibility and reliability of the spectral data for interpretation.

Multivariate data analysis
--------------------------

To reduce the complexity of the NMR data for the subsequent multivariate analysis, the spectra were reduced to 0.005 ppm-wide buckets over the spectral region between 0.87 and 9.00 ppm, with exclusion of the water region (4.7--5.1 ppm), and normalized by the total sum of intensities using MestReNova v8.1.4. Principal component analysis (PCA) and orthogonal partial least-square discriminant analysis (OPLS-DA) were applied to check the data homogeneity and identify the latent patterns and biomarkers using SIMCA-P 13 (Umetrics, Umea, Sweden). Variable data were centered prior to PCA and OPLS-DA.

Results and discussion
======================

^1^H HR-MACS NMR spectra
------------------------

The ^1^H HR-MACS NMR spectra for all cell groups in this study (cell growth and osmotic study) are shown in Figure [2A](#F2){ref-type="fig"}. The overall spectral profiles and the resolution are consistent with the HR-MAS study using 30 μl volumes and ca. 75 million cells (Palomino-Schätzlein et al., [@B20]). Despite using a CP-MAS rather than a HR-MAS probe with field-locking capabilities, we nonetheless obtained excellent quality as previously shown (Wong et al., [@B29]), but better performance is expected with a HR-MAS probe. The use of the PASS experiment under slow MAS (300 Hz), which consists a train of 180-degree refocussing pulses within one rotor period (3.3 ms), provides a T~2~-filter similar to the T~2~-edited CPMG experiments for suppressing signals from large molecules that may mask the metabolite signals and distort the baselines. All cell groups were found to have high glucose (δ = 3.5--4.0 ppm) contents, which is attributed to the use of a glucose-rich growth medium (YPD) for the cultivation of cells. The observable fine *J*-splittings in many resonances are measureable from the spectra. For example, the distinct doublets of valine at 0.98 and 1.04 ppm (*J* = 7.3 Hz), and the triplet of α-glucose at 3.45 ppm (*J* = 9.6 Hz) are apparent in all HR-MACS spectra. The excellent spectral resolution allows extraction of this vital second parameter---in addition to chemical shift---permitting greater precision in peak assignments. A total of 22 metabolites have been identified from the two studies and are summarized in Table [S1](#SM1){ref-type="supplementary-material"} of the supporting information (SI). The capability of such rich-profiling from a sub-microliter sample volume (250 nl) is owed to the fact that HR-MACS offers a 4.8-fold sensitivity enhancement in signal-to-noise (SNR) per-unit-mass compared to the coupled HR-MAS probe. This enhancement factor has been calculated based on *B^HRMACS^*~1~/*B^HRMAS^*~1~ at a given radio frequency input power (Hoult, [@B14]), where the *B*~1~ field can be determined from a standard nutation experiment. We found that with an estimated 19 million cells in 250 nl, we obtained an average SNR (using the 2.5--2.0 ppm spectral region) of 120 ± 10 for a 26-min experimental time. Such high SNR should allow for further reductions in sample size, or in signal-averaging for samples which are prone to rapid decay. Although, there are multiple factors that contribute to the SNR using the inductively-coupled HR-MACS resonator such as coil volume, sampling spin and voltage noise (more detailed descriptions can be found in SI), using our measured SNR and a value of 10:1 (SNR) as the minimum required for metabolite analysis, these results would indicate that with this HR-MACS spectra should be obtainable from ca. 2 million cells under the same experimental conditions.

![**(A)** ^1^H HR-MACS NMR spectra of the four different cell groups. **(B)** PCA score plot of all NMR datasets showing the quality of the sub-spectra \[*R*^2^X(cum) = 0.793; *Q*^2^(cum) = 0.737). The inserted orange narrows show the different metabolic patterns for the two studies.](fchem-02-00038-g0002){#F2}

Visual inspection of the spectra in Figure [2A](#F2){ref-type="fig"} allows discrimination of the spectral differences among the different cell groups. For example, higher intensities are found in the region between 3.5--4.0 ppm (glycerol and α-glucose) in the 24-h-NaCl group (cells under osmotic stress); larger signals at 1.0 ppm (valine) and at 3.2 ppm (phosphorylcholine and glycerophosphocholine) are also observed in the 72-h cells. Upon a more careful inspection, additional metabolites (choline, creatine, tyrosine, and phenylalanine) are identified in the aging cells as compared to stressed cells (see Table [S1](#SM1){ref-type="supplementary-material"}). An unsupervised PCA score plot is shown in Figure [2B](#F2){ref-type="fig"}. It reveals partitioning into four discrete clusters corresponding to the different cell groups. Interestingly, the plot also reveals a clear distinction between the two independent studies, with the corresponding cells responding in an opposite fashion along the first principal component (PC1). The PCA loading plot (Figure [S1b](#SM1){ref-type="supplementary-material"}), provides further evidence for metabolite differences between the two studies. As the cells age both phosphorylcholine and glycerophosphocholine increase; whereas, the metabolites glycerol, glucose and glutamine show the largest response to the osmatic shock induced by the additional NaCl.

Metabolic profiling of *S. cervisiae* WT cells under osmotic stress
-------------------------------------------------------------------

Figure [3A](#F3){ref-type="fig"} shows a HR-MACS spectral comparison between the non-stressed and stressed cell groups. Both are average spectra, constructed using 5 replicate samples for each group. The difference spectrum, ΔS, consists only of the metabolites which vary under a 60-min osmotic shock; positive signals indicate an increase, and negative signals a decrease in a given metabolite upon osmotic shock. Substantial increases are found for both glucose and glycerol, and a decrease in a few amino acids (lysine, arginine, and valine) is observed. These changes have been quantified (Table [S2](#SM1){ref-type="supplementary-material"} of [SI](#SM1){ref-type="supplementary-material"}) and are shown graphically in the spectral integral analysis of Figure [3B](#F3){ref-type="fig"}. For a more accurate metabolic analysis of the latent patterns, the acquired spectra were subjected to a supervised statistical analysis using OPLS-DA. The score plot (Figure [3C](#F3){ref-type="fig"}) displays a clear discrimination between the two groups. Interestingly, it shows a greater metabolic variation (i.e., along the orthogonal component *t*~orth~) among the non-stressed cells agreeing with the observed scatter pattern in the unsupervised PCA (Figure [2B](#F2){ref-type="fig"}). The corresponding loadings plot (Figure [3D](#F3){ref-type="fig"}) illustrates the metabolites associated with the separation in the score plot. As with the ΔS spectrum for Figure [3A](#F3){ref-type="fig"}, the positive signals are associated with the metabolites in higher concentration for the stressed cells and the negative peaks represent higher concentration in the non-stressed cells. The color scale provides a measure of the correlation of that spectral region\'s (i.e., metabolites\') variation to the multivariate discrimination. Similar to the spectral comparison in Figures [3A,B](#F3){ref-type="fig"}, significant productions of glucose and glycerol metabolites are evident in the stressed cells (in agreement with the PCA loading plot Figure [S2](#SM1){ref-type="supplementary-material"}). This is inline with studies which have found that glycerol plays an osmoregulatory role in yeast cells (Tamas et al., [@B26]; Costenoble et al., [@B8]; Dihazi et al., [@B9]), and is produced when the yeast cells are subject to osmotic shock. The OPLS-DA analysis also reveals the latent metabolic changes; decreases in select amino acids (lysine, aspartate, arginine, and valine) may suggest an altered glucose metabolism that involves pyruvate production. Unfortunately, the chemical shift signature (a singlet at 2.36 ppm) for pyruvate is not readily identifiable in the spectra. The metabolic results obtained from ^1^H HR-MACS are coherent with the previous ^1^H HR-MAS study (Palomino-Schätzlein et al., [@B20]) using a large sample volume with greater number of cells, validating the used of HR-MACS.

![**^1^H HR-MACS NMR study of stressed cells. (A)** Spectral comparison of averaged spectra (*n* = 5): red corresponds to stressed cells and blue to non-stressed cells. The ΔS spectrum is the spectral difference between stressed and non-stressed cells, where the positive peaks correspond to the increased in metabolite contents in stressed cell, and the negative peaks in the non-stressed cells. The assignments including the abbreviations are listed in Table [S1](#SM1){ref-type="supplementary-material"} in [SI](#SM1){ref-type="supplementary-material"}. **(B)** Bar-graph representation of the relative integral in arbitrary units for different metabolites. The results are reported with the mean values and the standard deviation as error bars. The *p*-value for each metabolite comparison is \<0.001 with the exception of alanine and ethanol, which are stated in the bar-graph. Detailed information can be found in Table [S2](#SM1){ref-type="supplementary-material"}. **(C)** OPLS-DA score and **(D)** loadings plots with *Q*^2^ = 0.987, *R*^2^Y(cum) = 0.995 and *R*^2^X(cum) = 0.965.](fchem-02-00038-g0003){#F3}

Metabolic profiling of *S. cervisiae* WT cells at three different stages of cell growth
---------------------------------------------------------------------------------------

We also monitored the metabolic profiles at three different stages of cell growth: 24-, 48- and 72-h. Typically, the *S. cervisiae* cells are in the exponential growth phase between 24- and 48-h interval, and reach a steady stage at 48-h. At 72-h, the cells may begin to breakdown the nutrients. Figure [4A](#F4){ref-type="fig"} shows the average spectral comparison (*n* = 5) between the different stages, with a differential ΔS spectrum of 24- and 72-h cell groups; the positive signals indicate an increase, and negative peaks a decrease of a given metabolite in the 72-h cell groups. Figure [4A](#F4){ref-type="fig"} clearly exhibits a metabolic spectral profile that is different from that for the stressed cells, suggesting that the metabolic variations are different in both studies. Increases in the metabolite content of ethanol, lipid, lactate, alanine, arginine, creatine, phosphorylcholine, and glycerophosphocholine are accompanied by decreases mainly in glutamate and glutamine. These changes are also found in the OPLS-DA analysis (Figure [4B](#F4){ref-type="fig"}), but with additional quantification of their contribution to the variation. The production of ethanol and depletion of glucose are attributed to the fact that the *S. cervisiae* cells are cultivated in a glucose-rich medium, resulting in initiation of the fermentation process (utilizing glucose and producing ethanol) and repression of respiration. The biosynthesis of the phosphocholine derivatives, the major phospholipid component of eukaryotic cell membranes, as well as choline are derived from its synthesis and catabolism (phosphatidylcholine metabolism) contributing to cell growth (Howe and McMaster, [@B15]).

![**^1^H HR-MACS NMR study of cell growths. (A)** Spectral comparison composed of averaged spectra (with *n* = 5): green corresponds to cell growth at 24-h; red at 48-h; and blue at 72-h. The ΔS spectrum is the spectral difference between 72 and 24-h cells. The positive peaks correspond to the increased in metabolite contents in 72-h cells, and the negative peaks in the 24-h cells. Both the assignments and abbreviations are listed in Table [S1](#SM1){ref-type="supplementary-material"}. **(B)** OPLS-DA loading with *Q*^2^ = 0.986, *R*^2^Y(cum) = 0.986 and *R*^2^X(cum) = 0.857.](fchem-02-00038-g0004){#F4}

It should be emphasized that good spectral quality data is vital for reliable metabolic identification and assessment, and acquisition of high quality data from small sample volumes is not a trivial task. It is often hindered by a lack of sensitivity and/or resolution, due to poor sample filling factor, or magnetic susceptibility gradients. The success of acquiring excellent spectral quality with HR-MACS is because it offers a near optimal filling factor and minimizes susceptibility-induced broadening by ensemble magic-angle spinning of the resonator with the sample. To our knowledge, there are no other analytical techniques capable of offering rich-metabolic analyses with such a small sample volume (250 nl) without damaging or interfering with the sample anatomy, including MS.

We would like to briefly discuss the benefits and drawbacks of HR-MACS for small-volume analysis of cells. HR-MACS offers a simple and cost-effective approach to high-quality μNMR analysis (materials cost for one coil \< €20). The combination of slow sample spinning (300 Hz) and small sample diameter (i.e., 400 μm i.d. HR-MACS) minimize the centrifugal forces exerted upon the cells under rotation, thus making it amenable to analysis of more fragile cells. Another advantage is reduction in numbers of required cells; a 10-fold reduction in total cell quantity from that typically used (i.e., 20 samples of 100 × 10^6^ cells) should be readily achievable. ^1^H-detected multiple-resonance NMR experiments are also compatible with the HR-MACS approach (Aguiar et al., [@B1]), permitting the use of HSQC (and related) experiments for in-cell NMR spectroscopic investigations of the bioactivities inside the living cells (Li, [@B16]; Maldonado et al., [@B19]). The ability to analyze nano-scale volumes of cells opens new opportunities for coupling with cell-sorting microfluidic devices for a potent NMR cell screening. Microfluidic ^1^H NMR has recently emerged as a micro-NMR diagnostic device by differentiating the spin relaxation mechanisms between healthy and unhealthy cells; however, it yields minimal spectral information due to the poor resolution (Haun et al., [@B12]).

Although the cost is low, the manufacture of the small and delicate HR-MACS resonator can be challenging. Replacing the manual fabrication of HR-MACS with an automated system may make this technique more widespread (Malba et al., [@B18]; Badilita et al., [@B3]). The very-low absolute metabolite contents---despite the fact that HR-MACS enhances the detection sensitivity---hinder their detection, without resorting to greater signal averaging and thus, longer experiment times. Coupling with other sensitivity enhancement techniques (i.e., nuclear polarization) would shorten the experimental times. Another option to further improve the sensitivity is to build a standalone μHR-MAS probe (without HR-MACS) for eliminating the any noise contribution from the HR-MACS resonator itself; however, all above options would involve complex instrumentation developments.

Concluding remarks
==================

In this short report, we have demonstrated, for the first time, the ^1^H NMR metabolic profiling of a small quantity of whole cells on a nanolitre volume. The ^1^H NMR spectra acquired with HR-MACS are of excellent-quality and exhibit high-reproducibility facilitating a rich-metabolic profiling. The two cellular studies demonstrated here illustrate the ability of ^1^H HR-MACS coupled with statistical methods to provide high precision metabolic analyses of *S. cervisiae* cells in different conditions. Under an osmotic shock, the bio-production of glucose and glycerol metabolites and depleting glutamate and glutamine in *S. cervisiae* cells is evident. Significant increases in phosphatidylcholine and glycerophosphocholine are found in relation to cell growth and the production of ethanol via the fermentation process in the aging cells is also evident. The metabolic results found in the stressed cells using HR-MACS are in agreement with the previous HR-MAS study, validating the use of HR-MACS for small cell quantity study. ^1^H HR-MACS NMR spectroscopy opens new possibilities for high-precision investigation of small-volume sample, and may widen the scope of yeast metabolome and other bacterial cells, and the limited number of neuron cells in organisms. The ability to acquire ^1^H NMR spectra of such small volumes puts HR-MACS closer to the scales utilized for microfluidic-based cell sorting and manipulation techniques, facilitating their coupling for a potent micro-scale cell NMR sample screening pipeline.
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